INTRODUCTION
============

The foamy viruses (FVs) or spumaretroviruses comprise the only genus in the subfamily Spumaretrovirinae of the family Retroviridae ([@b14-molcell-37-2-140-8]). Different mammalian species are natural hosts for FVs ([@b26-molcell-37-2-140-8]). Although they are non-pathogenic to their hosts, FVs can infect a wide range of tissues under cell cuture conditions and show cytopathic effects through syncytia formation and extensive vacularization ([@b30-molcell-37-2-140-8]). The FV replication cycle differs from orthoretroviruses in many aspects ([@b29-molcell-37-2-140-8]; [@b42-molcell-37-2-140-8]) such as their mode of pol protein expression ([@b31-molcell-37-2-140-8]; [@b39-molcell-37-2-140-8]), requirements of cycling cells for gene expression ([@b38-molcell-37-2-140-8]), the presence of large amounts of infectious DNA, and their RNA genome ([@b28-molcell-37-2-140-8]; [@b41-molcell-37-2-140-8]; [@b53-molcell-37-2-140-8]). The lack of FV pathogenicity has prompted their potential use as a safer gene therapeutic vector, and a variety of vectors for different cell types are available ([@b35-molcell-37-2-140-8]). The prototype foamy virus (PFV), previously known as human foamy virus was isolated from a Kenyan patient with nasopharynx carcinoma ([@b1-molcell-37-2-140-8]). High sequence homology to FVs from chimpanzee and the lack of evidence of natural human infections strongly suggests that this virus was derived by zoonotic transmission from a chimpanzee ([@b12-molcell-37-2-140-8]; [@b18-molcell-37-2-140-8]; [@b33-molcell-37-2-140-8]; [@b46-molcell-37-2-140-8]).

Viruses in the family Retroviridae contain RNA as their genome. They must reverse transcribe their genome to double-stranded cDNA for successful infection, replication in their hosts, and to integrate into the host cell chromosome ([@b3-molcell-37-2-140-8]). As integration occurs in the nucleus, a large nucleoprotein complex termed the preintegration complex (PIC) tethers the viral cDNA from the cytoplasm to the nucleus ([@b49-molcell-37-2-140-8]). Previous studies have shown that passive diffusion of 50 kDa proteins into the nucleus occurs *via* the aqueous channel of the nuclear pore complex ([@b16-molcell-37-2-140-8]; [@b34-molcell-37-2-140-8]). Although nuclear localization of several retroviral INs has been described in the context of transfection assays, the identity of the NLS is not well defined and the mechanism of importation remains poorly understood ([@b2-molcell-37-2-140-8]; [@b22-molcell-37-2-140-8]; [@b40-molcell-37-2-140-8]).

Retroviral integrases (INs) have two important roles in the viral life cycle. They tether viral cDNA from the cytoplasm to the nucleus, as it contains nuclear localization signals (NLS) ([@b7-molcell-37-2-140-8]) and catalyze integration into the cellular genomic DNA ([@b5-molcell-37-2-140-8]; [@b10-molcell-37-2-140-8]). HIV-1 IN has a basic bipartite type NLS at residues 186--188 and 211--219 ([@b15-molcell-37-2-140-8]). A separate study reported an additional NLS in the central domain of the HIV-1 IN at residues 161--173 ([@b2-molcell-37-2-140-8]). The karyophilic determinant of the feline immunodeficiency virus (FIV) IN has been mapped to the highly conserved N-terminal zinc binding HHCC motif ([@b50-molcell-37-2-140-8]). A functional NLS of the avian sarcoma virus IN has been mapped to residues 206--235 ([@b25-molcell-37-2-140-8]). An active foamy virus IN is essential for viral replication and successful infection ([@b11-molcell-37-2-140-8]). Studies have revealed that foamy virus Gag and IN contain NLS sequences ([@b37-molcell-37-2-140-8]). The NLS sequence in the Gag protein is responsible for its translocation and higher accumulation in the nucleus ([@b45-molcell-37-2-140-8]; [@b52-molcell-37-2-140-8]). Using IN-specific monoclonal antibodies, the IN domain of the Pol protein has an NLS, responsible for its importation into the nucleus ([@b20-molcell-37-2-140-8]). Although it has been suggested to be part of PFV PIC, the Gag protein translocates to the cell nucleus and facilitates integration by tethering the viral DNA genome to the host cell chromatin ([@b48-molcell-37-2-140-8]). A separate study showed that translocation of Gag and the viral genome to the nucleus is dependent on IN in both cycling and growth arrested cells ([@b30-molcell-37-2-140-8]).

In order to study any relationship between NLS resides of PFV-IN and viral replication, seven point mutations at the C-terminal region of PFV-IN has been made. All the tested residues are arginine and lysine, which were regarded as NLS residues since they are present at the conserved region of the C-terminal region. In this study, we utilized the full-length PFV constructs, which contain point mutation, and analyzed their effects on viral assembly, release, and infectivity. We also analyzed the necessity of these residues for efficient post-entry nuclear localization of the virion-associated IN and Gag proteins. We concluded that amino acids at the positions 305, 313, 315, and 329 are critical for nuclear localization of PFV-IN. Mutation at these positions totally abolished viral infectivity. Therefore we propose that these NLS are essential for nuclear importation of PFV-IN through the nuclear pore complex and subsequent integration of the viral genome.

MATERIALS AND METHODS
=====================

Cells and cell culture
----------------------

The BHK-21 (baby hamster kidney) cell line was obtained from the American Type Culture Collection (USA) and maintained in Dulbecco's Modified Minimal Essential Medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 μg of streptomycin/ml. The FAB cell line was kindly donated by Drs Maxine L. Linial and Eun-Gyung Lee (Fred Hutchinson Cancer Research Center, USA) and maintained in 100 μg/ml hygromycin.

Construction of mutants
-----------------------

Molecular cloning was performed according to standard techniques ([@b44-molcell-37-2-140-8]). For *in vitro* expression of IN mutant proteins, PFV-IN DNA fragments containing mutation were created *via* overlapping PCR with the mutagenic primers described in [Table 1](#t1-molcell-37-2-140-8){ref-type="table"} ([@b27-molcell-37-2-140-8]), and ligated into the *Nde*I/*Bam*HI sties of pET15b. Briefly, in order to construct the mutant M 305, first PCR was performed to amplify the half fragment with the primers, PFINS and PFIN305A, and the other half fragment with the primers, PFIN305S and PFINA using proviral DNA (pHSRV) as a template ([@b32-molcell-37-2-140-8]). Next, PCR was carried out using PFINS and PFINA in the presence of the two half fragments generated from the first PCR. The amplified full length DNA of PFV-IN, which contained a point mutation at the 305th amino acid, was directly cloned into pET15b after restriction digestion with *Nde*I and *Bam*HI. The other mutants were also prepared *via* same methods using the corresponding primers described in [Table 1](#t1-molcell-37-2-140-8){ref-type="table"}. The mutations were verified by DNA sequencing conducted by Macrogen, Korea.

The proviral DNA which contains the point mutation at the PFV-IN DNA was constructed by replacing the fragments of MscI/AflII region of an intermediate vector pBS-FIN-speI with the same region of the mutant-containing pET16b-PFV-IN, and then by transferring the SpeI fragment of the pBS-FIN-speI into the pHSRV.

Purification and *in vitro* assays for PFV- IN protein
------------------------------------------------------

The DNA constructs were transformed into *E. coli* (BL21 DE3) for *in vitro* expression of the NLS-mutated IN protein, and IN protein expression was induced with isopropyl-1-thio-β-D-galactopyranoside. The IN proteins were purified by NTA-chromatography and SP-Sepharose chromatography, as described previously ([@b21-molcell-37-2-140-8]). *In vitro* catalytic activities of the purified IN proteins were investigated by studying endonucleolytic and disintegration activity. Briefly, ^32^P-radio-labeled 20mer oligonucleotide, whose sequence mimics the PFV U5 LTR end, was annealed with a complementary oligonucleotide. Active IN protein converts the substrate (the radio-labeled 20mer/unlabeled 20mer) into the product (the radio-labeled 18mer/unlabeled 20mer). The product was visualized as the 18mer on a 20% polyacrylamide denaturing gel ([@b21-molcell-37-2-140-8]; [@b27-molcell-37-2-140-8]). For the disintegration assay, ^32^P-radio-labeled 15mer oligonucleotide was annealed with three different oligonucleotides to form a Y-shaped substrate ([@b27-molcell-37-2-140-8]). Active IN protein converts the radio-labeled 15mer substrate into the product of the radio-labeled 30mer. The product is visualized as the 30mer on a 20% polyacrylamide denaturing gel ([@b27-molcell-37-2-140-8]).

Transfection and production of virus stocks
-------------------------------------------

Unless otherwise stated, about 2.4 × 10^6^ BHK-21 cells were grown on a 60 mm tissue culture plate. After 24 h or when the culture reached approximately 70% confluency, cells were transfected using the TrueFect (United Biosystems, USA) transfection reagent, according to the manufacturer's protocol. The culture supernatant generated by transient tranfection for the infection experiment was harvested, passed through a 0.45 μm filter, and stored at −80°C for future use.

Infection and titration of virus
--------------------------------

Viruses were prepared by transfection of BHK-21 cells seeded in 60 mm dishes with 2.5 μg of the corresponding proviral PFV plasmids. About 1 ml of collected cell-free culture supernatant was used to infect 1.6 × 10^6^ BHK-21 cells in 35 mm tissue culture plates. A FV-activated β-galactosidase (Gal) expression assay (called a blue assay) was performed, as described by Yu and Linial, to evaluate infectivity of the virus prepared by transfection ([@b51-molcell-37-2-140-8]). Briefly, the FAB cell line has a single integrated copy of a long terminal repeat (LTR)-driven by the β-Gal gene. Viral infection causes the PFV LTR promoter to be transactivated by the viral Tas protein, resulting in a blue color in the infected cells after X-gal staining. A 1.5 × 10^4^ aliquot of FAB cells was infected with the appropriate dilutions of virus containing cell-free culture supernatant after 24 h of seeding in 48-well culture plates. The total number of blue cells was then counted after an additional 2-day-incubation.

Assay of virion-associated reverse transcriptase (RT) activity
--------------------------------------------------------------

Virion-associated RT assays were performed as described previously ([@b43-molcell-37-2-140-8]). RT activity was determined by incorporation of \[^3^H\]TTP using a poly(A):(dT)~12--18~ (Midland Certified Reagent Co., USA) as the template-primer. Viral supernatants from infected BHK21 cells were filtered, and virions were pelleted through a 20% sucrose cushion by centrifugation at 25,000 × *g* for 1 h. A 10 μl aliquot of the virion was added to 50 μl of reaction cocktail, consisting of 45 mM Tris (pH 8.0), 50 mM NaCl, 2.5 mM MgCl~2~, 5 mM DTT, 10 μg of poly(A):(dT)~12--18~ per ml, 0.1% NP-40, and 1 μl of \[3H\]TTP. The reaction mixtures were incubated at 37°C for 1 h. Then, the mixtures were transferred to DE81 filters (Whatman), and the filters were washed in 2× SSC (0.3 M sodium chloride, 30 mM sodium citrate) in 95% ethanol and dried. Radioactivity was counted in a Beckman scintillation counter (LC6000SC).

Western blotting
----------------

About 1.6 × 10^6^ BHK-21 cells were grown in 35 mm tissue culture plates and transfected as described above with 1.5 μg of proviral PFV constructs for Western blot detection of viral protein in transfected cell lysates. Forty-eight hours after transfection, the medium was aspirated from the wells, and cells were washed once with PBS. About 150 μl of antibody buffer \[20 mM Tris (pH 7.4), 50 mM NaCl, 0.5% deoxycholic acid, 0.5% sodium dodecyl sulfate (SDS), 1 mM EDTA (pH 8.0)\] was added dropwise onto the cell monolayer, kept for 5 min on ice, scraped, placed in a 1.5 ml Eppendorf tube, and then passed through a 23-gauge needle for mechanical shearing. Finally, cell lysates were centrifuged at 13,000 rpm for 10 min using a tabletop microcentrifuge to isolate the clear lysates. Protein amount was measured by the Bradford assay. The culture supernatant was harvested, passed through 0.45 μm filter, and centrifuged at 4°C and 17,000 rpm for 1 h. Viral pellets were then resuspended in antibody buffer and stored at −80°C. After adding an appropriate amount of SDS sample loading buffer to cell lysates and/or viral pellets, the proteins were resolved on 12.5% SDS-polyacrylamide gel electrophoresis. The proteins were then transferred to Immobilon-P membranes (Millipore, USA). The membranes were blocked with 5% non-fat milk solution, and hybridized with antibodies in a PBS solution containing 0.5% Tween 20, followed by a final rinse in PBS-1.0% Tween 20. The proteins were immunoblotted with 1:1,000 and 1:5,000 dilutions of rabbit polyclonal antibody against PFV-IN and PFV-Gag and a secondary donkey anti-rabbit horseradish peroxidase-conjugated antibody diluted 1:10,000. Detection was carried out with a horseradish peroxidase detection kit (Westsave Gold, Ab Frontier, Korea), according to the manufacturer's instructions. Signals were detected using an X-ray film developer system.

Sub-cellular fractionation
--------------------------

Cellular contents were fractionated into cytoplasmic and nuclear fractions following a method described previously ([@b19-molcell-37-2-140-8]) with the following modifications. About 1.6 × 10^6^ BHK-21 cells were seeded onto a 60 mm tissue culture plate. After 24 h, the cells were infected with 1 ml of cell-free culture supernatant as virus stock for 6 h. After the incubation, the cells were rinsed with 1 ml PBS and then 150 μl digitonin buffer \[150 mM NaCl, 50 mM HEPES (pH 7.4), 50 μg/ml digitonin (Sigma, USA)\] was added dropwise onto the cell monolayer, kept for 5 min on ice, scraped, placed in a 1.5 ml Eppendorf tube, and then mixed by gentle pipetting. After a 10 min incubation at 4°C, the cell suspension was centrifuged at 5,000 rpm for 5 min, and the supernatant was collected as the cytosolic fraction. Then, the pellets were dissolved into 150 μl NP40 buffer \[150 mM NaCl, 50 mM HEPES (pH 7.4), 1% NP40\], incubated for 30 min on ice, and centrifuged at 9000 rpm for 5 min. The supernatant was discarded and the pellet was dissolved in 150 μl RIPA buffer \[150 mM NaCl, 50 mM HEPES pH (7.4), 0.5% sodium deoxycholate, and 0.1% SDS\] and incubated for 1 h at 4°C. Finally, the suspension was centrifuged to remove the insoluble protein as the pellet, and the supernatant was kept as the nuclear fraction.

Immunohistochemistry
--------------------

A 10^4^ aliquot of BHK-21 cells was grown on glass coverslips coated with 50 μg/ml poly(D) lysine (Sigma-Aldrich) in 35 mm tissue culture plates for immunostaining detection of viral protein localization in cells. Twenty-four hours after seeding, the cells were rinsed with PBS and infected with 1 ml of cell-free culture supernatant for 6 h. After the infected cells were incubated for the desired length of time, they were rinsed once with PBS and then fixed in 3% paraformaldehyde for 10 minutes at room temperature. After rinsing with PBS-GSA (10 mM glycine and 0.2% sodium azide), the cells were permeabilized with 0.5% Triton-X-100 for exactly 3 min. After blocking (3% bovine serum albumin in PBS-GSA), coverslips were successively incubated with rabbit polyclonal anti-PFV-IN (1:40) or rabbit polyclonal anti-PFV-Gag (1:150) for 1 h. Cells were then washed and incubated for 30 min with 1:80 (PFV-IN) or 1: 200 (PFV-Gag) dilutions of FITC-conjugated donkey anti-rabbit IgG (sc-2089, Santa Cruz Biotechnology Inc., USA) secondary antibody. Finally, the coverslips were mounted onto a microslide using a drop of UltraCruz mounting medium (sc-24941, Santa Cruz Biotechnology) with DAPI. Fluorescence microscopy observations were performed with a fluorescence microscope (Nikon, Eclipse, TE 2000-U, Japan) at a magnification of 400×.

RESULTS
=======

Inactivation of IN NLS does not affect IN enzymatic function, viral expression, or viral release
------------------------------------------------------------------------------------------------

It has been suggested that IN integrity is not only important for mediating integration but also important for virus assembly, morphogenesis, and efficient reverse transcription ([@b9-molcell-37-2-140-8]). Thus, it was necessary to determine whether the mutations in the conserved amino acids affected IN enzymatic function through protein misfolding. To assess the structural integrity of the IN C-terminal domain, we measured the IN catalyzed *in vitro* endonucleolytic activity and disintegration activity using purified recombinant proteins expressed in *E. coli*. Results of both assays ([Fig. 1A](#f1-molcell-37-2-140-8){ref-type="fig"}) indicated that the NLS mutated IN proteins were as active as the wild type proteins, indicating that mutations at those positions did not alter enzyme activity.

Next, all constructs including the wild type and mutants were transfected into BHK-21 cells to evaluate expression, assembly, and release of virus. Cells were harvested at 48 h post-transfection, and the presence of viral IN and Gag in transfected cell lysates was determined by Western blotting analysis. Cell lysates from mutant constructs showed similar IN and Gag processing to that of the wild type ([Fig. 1B](#f1-molcell-37-2-140-8){ref-type="fig"}), indicating that mutations in these residues did not affect viral construct expression because production of viral particles from transfected constructs does not depend on the NLS of PFV-IN. Cellular expression machinery leads to the expression of viral construct regardless of the mutations. We collected the supernatants after 72 h of transfection to analyze the mutational effects on subsequent assembly and morphogenesis of viral particles. A similar IN and Gag detection level in the wild type and mutant viral lysates ([Fig. 1B](#f1-molcell-37-2-140-8){ref-type="fig"}) indicated that all constructs successfully expressed, assembled, and released the viral particles into the culture supernatant irrespective of mutation. Therefore, these results indicate that IN mutations at these NLS positions did not affect IN enzymatic function, viral expression, or viral release.

IN NLS is required for successful infection of cycling cells
------------------------------------------------------------

The significant role of the IN NLS for PFV replication was tested by challenging BHK-21 cells with wild type or mutant viruses. We collected the cell-free virions from the culture supernatants of the BHK-21 cells transfected with wild type and mutant constructs to assess infectivity of the released viral particles. The presence of viral particles in the culture supernatant was confirmed by viral IN and Gag Western blotting ([Fig. 1B](#f1-molcell-37-2-140-8){ref-type="fig"}).

We challenged the FAB indicator cells with the appropriate dilution of culture supernatant and measured the viral titer as the number of blue cells per milliliter to measure infectivity in a more quantitative fashion. The β-gal reporter gene is under the transcriptional control of a PFV LTR in the FAB indicator cell line, such that expression is induced by PFV infection as a consequence of viral DNA synthesis. Therefore, the lack of blue cells due to the NLS mutation reflected a lack of viral DNA integration as the virions possesses defective NLS that results failure of viral cDNA transfer from cytoplasm to nucleus. As shown in the [Table 2](#t2-molcell-37-2-140-8){ref-type="table"}, M 308, M 318, and M 324 more or less produced similar numbers of blue cells compared to those of the wild type. Therefore, mutations at those positions did not significantly affect viral infectivity. However very few or an undetectable number of blue cells were found for M 305, M 313, M 315 and M 329, indicating that mutations at those positions seriously affected viral infectivity due to the absence of functional NLS. Finally, we categorized our seven point mutants into two groups based on their ability to produce blue cells. We termed defective mutants as those point mutants (M 305, M 313, M 315, and M 329) in which mutation seriously interfered with their infectivity, and non-defective mutants as those mutant viruses (M 308, M 318, M 324) in which mutation had very little or no effect on infectivity.

We challenged BHK-21 cells with the culture supernatant that contained viruses to determine the effect of NLS mutation on viral replication by incubating them for 2, 4, and 6 days. Then, we harvested the supernatants to collect cell-free virions. The amount of virions was analyzed by virion-associated RT assay and Gag Western blotting. The non-defective mutants including the wild type continuously produced virions, as shown by the higher values in the RT assay and Gag presence on Western blot, while the defective mutants failed to produce cell-free virions, as they showed background levels in the RT assay and Gag was not detected by Western blot ([Figs. 2A](#f2-molcell-37-2-140-8){ref-type="fig"} and [2B](#f2-molcell-37-2-140-8){ref-type="fig"}). It was very interesting how the defective mutant could not produce cell-free virions in the infection experiments even though they were produced in transfected cells.

Differential localization of PFV-IN and PFV-Gag
-----------------------------------------------

We further examined the localization of IN by sub-cellular fractionation of newly infected cells to determine the cause for the lack of blue cells in the defective mutant viruses ([Fig. 3](#f3-molcell-37-2-140-8){ref-type="fig"}). BHK-21 cells were challenged with the same amount of culture supernatant from the same collection and incubated for 24, 48, and 72 h. After each incubation period, the cell lysates were fractionated into cytoplasmic and nuclear fractions. The localization of wild type or mutant IN proteins in these fractions was measured by Western blotting. The reason for considering IN as the preferred protein to monitor lies in its obligate presence and tight association with PICs ([@b36-molcell-37-2-140-8]).

Wild type IN was localized in the cytoplasmic fraction 24 h after infection ([Fig. 3A](#f3-molcell-37-2-140-8){ref-type="fig"}). At 48 and 60 h after infection, the presence of IN was detected in both the cytoplasmic and nuclear fractions and increased time-dependently. All non-defective mutants showed similar IN distribution as that shown by the wild type ([Fig. 3A](#f3-molcell-37-2-140-8){ref-type="fig"}). In contrast, the IN proteins in defective mutant viruses accumulated predominantly in the cytoplasmic fraction, and were marginally detected in the nuclear fractions ([Fig. 3A](#f3-molcell-37-2-140-8){ref-type="fig"}). These results suggest that the loss of IN localization in the nucleus in the defective mutant viruses disrupted integration of viral DNA into the host cell chromosome, and no blue cells were produced.

FV Gag has an NLS sequence that is responsible for its translocation into the nucleus, although the cause for this accumulation is still unknown ([@b46-molcell-37-2-140-8]; [@b52-molcell-37-2-140-8]). We detected sub-cellular localization of the Gag protein by Western blotting to demonstrate Gag localization in newly infected cells for both the defective and non-defective NLS mutant viruses. We utilized the same cellular fractions with the same amount of protein as used for PFV-IN detection. As shown in [Fig. 3A](#f3-molcell-37-2-140-8){ref-type="fig"}, Gag protein expression increased time dependently during the wild type and non-defective mutant viral infection. Beginning 24 h post infection, Gag translocated to the nucleus, and higher accumulation of Gag proteins were observed in the nucleus at 48 h post infection. The possible cause for this gradually increased Gag was the integration of the viral genome into the host cell genome and expression of viral proteins. However, differential Gag translocation patterns were observed for those infected with defective NLS mutant viruses. At 24 h post infection Gag translocated into the nucleus of infected cells, but no accumulation was observed in the cytoplasmic fraction. We also observed a uniform amount of Gag in the nucleus, indicating that no further expression and translocation occurred for these mutant viruses.

We examined sub-cellular localization of viral IN and the Gag protein to more directly address the karyophylic properties of PFV-IN NLS mutants. BHK-21 cells were infected with the virus stocks and subjected to indirect immunofluorescent staining. PFV-IN was exclusively localized in the cytoplasm in the wild type viruses at 24 h post infection while fluorescence signals originated from both the cytoplasm and nucleus at 48 h and 72 h post infection ([Fig. 3B](#f3-molcell-37-2-140-8){ref-type="fig"}), indicating translocation of IN from the cytoplasm to the nucleus and synthesis of new viral INs. Then, we examined sub-cellular localization of IN for M 315 and M 329 as representative defective mutants. As expected from the sub-cellular fractionation results, the IN protein fluorescence uniformly originated from the cytoplasm at 24, 48, and 72 h post infection. Thus, we confirmed that mutations at those positions caused loss of the karyophilic property. Finally, we examined the localization of two non-defective mutants M 318 and M 324. We found that these IN mutants were almost predominantly present in the cytoplasm at 24 h post infection and in the cytoplasm and nucleus at 48 and 72 h post infection, as shown for the wild type. These results indicate that arginine at positions 305, 313, 315, and 329 are directly involved in NLS function of PFV-IN, whereas amino acids at positions 308, 318, and 324 are not.

We examined Gag protein localization in the wild type, one defective mutant, and one non-defective mutant to further confirm PFV-Gag sub-cellular localization in BHK-21 cells. The culture conditions were the same and the infection was performed as described for PFV-IN localization. In good agreement with the data shown in the sub-cellular fractionation experiment ([Fig. 3A](#f3-molcell-37-2-140-8){ref-type="fig"}), Gag fluorescence was exclusively observed in the nucleus at 24 h post infection in the wild type virus, and cytoplasmic and nuclear fluorescence increased at 48 h and 72 h post infection in the immunocytochemistry ([Fig. 3C](#f3-molcell-37-2-140-8){ref-type="fig"}). As expected, the non-defective mutant showed a similar localization pattern as the Gag protein in wild type viruses. However we observed a deviant Gag localization behavior for the defective mutants and predominant nuclear fluorescence was observed at 24, 48, and 72 h post infection. No cytoplasmic fluorescence was observed. These localization patterns were similar to the Gag localization observed for sub-cellular fractionation of the defective mutants.

DISCUSSION
==========

In this study, we described the identification of four critical basic amino acids as the NLS of the PFV-IN protein and their role in PFV replication and infection. By analyzing infected cells at 24, 48, and 72 h after viral challenge, we found that the NLS of virion-associated IN plays an important role in post-entry nuclear accumulation of newly synthesized IN but not Gag ([Fig. 3](#f3-molcell-37-2-140-8){ref-type="fig"}). In addition, controlled studies demonstrated that disruption of the NLS did not inactivate many of the known activities and attributes of IN. Specifically, virion production and the incorporation of IN, sub-cellular localization and processing of viral polyproteins, and reverse transcription were largely unaffected by changing the basic amino acids lysine or arginine to threonine or proline ([Fig. 1](#f1-molcell-37-2-140-8){ref-type="fig"}).

The NLS of the PFV IN we found here was composed of four discontinuous, functional basic amino acids over a region of 26 amino acids. Although the NLS spans over a short peptide in the C-terminal region, it might play an essential role interacting with cellular co-factors that direct nuclear importation of incoming viral DNA. The interaction between HIV-1 IN and the lens epithelium-derived growth factor (LEDGF/p75) is well documented, and amino acids responsible for HIV-1 IN nuclear importation interact with LEDGF/p75 and target viral DNA of the host chromosome ([@b8-molcell-37-2-140-8]). Another study found a putative bipartite NLS of HIV-1 IN, comprising residues 186--188 and 211--219, that facilitates an interaction between IN and karyopherin α ([@b15-molcell-37-2-140-8]). V165 and R166 within a 13-residue peptide located in the core domain of HIV-1 IN, but not bipartite, are critical for nuclear importation ([@b2-molcell-37-2-140-8]). The nucleophilic determinant of FIV IN has been mapped to the highly conserved HHCC motif in the N-terminal domain to function as NLS that requires multimerization mediated by the HHCC motif, which, in turn, directly promotes the interaction between the FIV IN and the cellular proteins involved in nuclear importation ([@b50-molcell-37-2-140-8]). Therefore, an analysis of the interactions between PFV IN and LEDGF/p75, karyopherin α or such analogous cellular proteins could be an interesting target for future study.

The karyophilic determinant for avian sarcoma virus IN has been proposed to be a noncanonical NLS that maps to six basic amino acids located within residues 207--235 of the protein ([@b25-molcell-37-2-140-8]) and can be compared with the four basic amino acids residues that we mapped in the functional NLS of PFV-IN.

Lentiviruses have the ability to infect post-mitotic cells or cells arrested in the G/S phase, suggesting that the PIC traverses an intact nuclear membrane ([@b13-molcell-37-2-140-8]; [@b23-molcell-37-2-140-8]; [@b47-molcell-37-2-140-8]). The FV genome and Gag can enter the nuclei of growth-arrested cells, indicating the ability of the FV PIC to cross an intact nuclear membrane similar to that of lentiviruses ([@b30-molcell-37-2-140-8]). However, cells transduced with IN-deficient vectors reveal no Gag or viral genome within the nuclei, suggesting that Gag alone is not critical for PIC transport to the nucleus, whereas IN is an absolute requirement ([@b30-molcell-37-2-140-8]). The study did not identify any dependency of Gag nuclear localization on IN in cycling cells. Another study suggested that Gag transport to the nucleus is totally independent of IN ([@b37-molcell-37-2-140-8]), similar to our observations. We observed that viral Gag translocated to the nucleus even in the presence of all NLS inactivating mutants, whereas IN was predominantly present in the cytoplasm ([Fig. 3](#f3-molcell-37-2-140-8){ref-type="fig"}). Therefore, we suggest that Gag translocation is independent of PFV-IN.

An NLS is present in both the Gag and IN proteins of FVs ([@b20-molcell-37-2-140-8]; [@b45-molcell-37-2-140-8]). The NLS in Gag serves as a nuclear transport signal resulting in higher accumulation in the nucleus. However, FV replication is independent of the Gag NLS ([@b52-molcell-37-2-140-8]); thus, supporting our findings.

The matrix (MA) domain of Gag and Vpr of lentiviruses has NLS sequences that are thought to be important for PIC importation into the nuclei of growth-arrested cells ([@b4-molcell-37-2-140-8]; [@b6-molcell-37-2-140-8]; [@b17-molcell-37-2-140-8]). However, this notion remains controversial, as viruses with mutated MA and Vpr NLS sequences can infect nondividing cells; thus, refuting a major role for MA and Vpr in PIC translocation to the nucleus ([@b15-molcell-37-2-140-8]; [@b24-molcell-37-2-140-8]).

We conclude that prototype FV IN contains multiple nuclear localization signals in its conserved C-terminal domain. Here, we described the identification of four critical basic amino acids as the NLS of the PFV-IN protein that were essential for PFV infection. An inactivating mutation on this NLS caused predominant IN cytoplasmic localization, which ultimately caused lack of integration into the viral genome and lack of replication. In contrast, localization of a consistent amount of Gag and IN for the defective mutants also indicates a lack of integration and lack of viral genome expression. The PFV is considered a permissive safe vector for gene therapy. Therefore, our results will be helpful for ongoing PFV studies.
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![Analyses of *in vitro* activities, processing, and assembly of the viral protein into the virion. (A) *In vitro* enzymatic activities of purified prototype foamy viral integrase (PFV-IN). Plasmids harboring both wild type and point mutated PFV-IN were used to transform *E. coli* BL-21. The cells were then grown, induced and recombinant PFV-IN was purified. The catalytic activities of the purified IN proteins were assessed by endonucleolytic and disintegration assays with respective substrates, completed reactions were resolved on a denaturing gel, and band separation were observed by autoradiography. (B) Detection of intracellular and extracellular viral proteins by Western blot analyses. Whole cell lysates and viral pellets were prepared from BHK-21 cells 48 and 72 h after transfection with wild type and mutant provirus expression vectors. The same amount of protein were resolved on 12.5% sodium dodecyl sulfatepolyacrylamide gels, transferred to a membrane, and then probed with anti-IN and anti-Gag antibodies. Detection of cellular protein β-actin was used as the loading control.](molcell-37-2-140-8f1){#f1-molcell-37-2-140-8}

![Effect of mutations on viral replication. (A) Virion-associated reverse transcriptase (RT) activity of wild type and mutant viral particles. BHK-21 cells were infected with 1 ml of released virus from the transfection experiment. Extracellular virions were harvested at 2, 4, and 6 d post-infection, concentrated by centrifugation, and RT activity was assessed by measuring incorporation of \[^3^H\]TTP on a poly(A):(dT)~12--18~ template-primer. Data are an average of three independent experiments. (B) Detection of Gag in the virion pellet. The same number of virion pellets was resolved on 12.5% sodium dodecyl sulfatepolyacrylamide gels, transferred to a membrane, and then probed with anti-Gag antibody.](molcell-37-2-140-8f2){#f2-molcell-37-2-140-8}

![Sub-cellular localization of prototype foamy viral integrase (PFV-IN) and PFV-Gag. (A) Western blotting analysis for sub-cellular localization. BHK-21 cells were infected with 1 ml of culture supernatant containing wild type and mutant viruses and harvested after the indicated incubation times. Cells were then lysed and fractionated into cytosolic and nuclear portions as described in materials and methods. An equal amount of the fractions was resolved by 12.5% SDS-PAGE. Western blot analyses were performed with anti-IN, anti-Gag and anti-caspase-3 (cytosolic control) antibodies. (B) Immunostaining analysis for PFV-IN. (C) Immunostaining analysis for PFV-Gag. BHK-21 cells were grown on coverslips and infected with 1 ml of cell-free culture supernatant for 6 h. Then, the cells were incubated for the indicated length of time, fixed and permeabilized as indicated in the "Materials and Methods". After blocking, coverslips were successively incubated with anti-PFV-IN (1:40) and anti-Gag (1:100) for 1 h. The coverslips were incubated for 30 min with a dilution of 1:80 (PFV-IN) and 1:150 (PFV-Gag) of FITC-conjugated donkey anti-rabbit IgG secondary antibody and mounted with a drop of UltraCruz mounting medium onto a microslide. Fluorescence was detected by a fluorescence microscope.](molcell-37-2-140-8f3){#f3-molcell-37-2-140-8}

###### 

PCR primers

  Primers    Sequences (5′-3′)                                Restriction or mutagenic sites
  ---------- ------------------------------------------------ --------------------------------
  PFINS      5′-GGCAGC[CATATG]{.ul}AAAGGATATCCC-3′            *Nde*I
  PFINA      5′-GCGC[GGATCC]{.ul}TTATTCATTTTTTTCCAAATG-3′     *Bam*HI
  PFIN305S   5′-CAATTGGTCCAGGAGA*C*GGTGGCTAGGCCTGCTTC-3′      M305 (R → T)
  PFIN305A   5′-AGCAGGCCTAGCCACC*G*TCTCCTGGACCAATTG-3′        M305 (R → T)
  PFIN308S   5′-CAGGAGAGGGTGGCTA*C*GCCTGCTTCTTTGAGAC-3′       M308 (R → T)
  PFIN308A   5′-TCTCAAAGAAGCAGGC*G*T AGCCACCCTCTCCTG-3′       M305 (R → T)
  PFIN313S   5′-AGGCCTGCTTCTTTGA*C*ACCTCGTTGGCATAAAC-3′       M313 (R → T)
  PFIN313A   5′-TTTATGCCAACGAGGT*G*TCAAAGAAGCAGGCCTAG -3′     M313 (R → T)
  PFIN315S   5′-GCTTCTTTGAGACCTC*CA*TGGCATAAACCGTCTACTG-3′    M315 (R → P)
  PFIN315A   5′-GTAGACGGTTTATGCCA*TG*GAGGTCTCAAAGAAGCAGG-3′   M315 (R → P)
  PFIN318S   5′-AGACCTCGTTGGCATA*C*ACCGTCTACTGTACTTAAG-3′     M318 (K → T)
  PFIN318A   5′-AAGTACAGTAGACGGT*G*TATGCCAACGAGGTCTC-3′       M318 (K → T)
  PFIN324S   5′-CTACTGTACTTA*C*GGTGTTGAATCCAAGGACTGTTG-3′     M324 (K → T)
  PFIN324A   5′-CAACAGTCCTTGGATTCAACACC*G*TAAGTACAGTAG-3′     M324 (K → T)
  PFIN329S   5′-CTTAAGGTGTTGAATCCAA*C*GACTGTTGTTATTTTG-3′     M329 (R → T)
  PFIN329A   5′-CAAAATAACAACAGTC*G*TTGGATTCAACACCTTAAG-3′     M329 (R → T)

Mutagenic sequences are indicated in italics. Restriction sites are underlined.

###### 

Infectivity of viruses present in supernatants of cells transfected with NLS mutant constructs

  DNA constructs   Blue cells/ml[^a^](#tfn2-molcell-37-2-140-8){ref-type="table-fn"}
  ---------------- -------------------------------------------------------------------
  WT               (2.3 ± 0.7) × 10^5^
  M 305            (1.8 ± 0.4) × 10^3^
  M 308            (2.0 ± 0.8) × 10^4^
  M 313            160 ± 30
  M 315            \< 10
  M 318            (4.6 ± 0.8) × 10^5^
  M 324            (3.4 ± 0.5) × 10^5^
  M 329            240 ± 25

Infectivity of the viruses present in supernatants of the cell culture was measured by FAB assay as described in "Materials and Methods". Data are shown as the average±standard deviation from three independent assays.
